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A Feasibility Study for Electrical Impedance Tomography
as a Means to Monitor Tissue Electroporation for

Molecular Medicine

Rafael V. Davalos*, Boris Rubinsky, and David M. Otten

Abstract—Molecular medicine involves the introduction of macro-
molecules, such as drugs or gene constructs, into specific cells of the body.
Electroporation, which uses electric pulses to permeate cell membranes, is
a method for achieving this. However, as with other molecular medicine
procedures, it lacks a real-time mechanism to detect and control which
cells have been affected. We propose and demonstrate, via computer
simulation, that electrical impedance tomography has the potential for
detecting and imaging electroporation of cells in tissue in real-time,
thereby providing feedback for controlling electroporation.

Index Terms—Electrical impedance tomography, electrochemotherapy,
electroporation, medical imaging.

I. INTRODUCTION

The goal of molecular medicine is to introduce macromolecules such
as drugs and gene constructs into specific cells of the body. Some of
the better-known molecular medicine techniques include viral vectors
[1] and electroporation [2]. Electroporation, which is the focus of this
study, is a physical method that uses electrical fields to temporarily in-
crease the permeability of the cell membrane [3]. This permeation facil-
itates penetration of extracellular macromolecules that could otherwise
not enter the cell [4]. For a specific set of voltage parameters (e.g., pulse
number, frequency, duration), the effect that the electric field has on a
cell depends on the voltage gradients that develop across the individual
cell [4]. A voltage gradient, depending on its magnitude, can have one
of three effects on the cell membrane: reversible permeation, in which
the cell membrane reseals after the application of the pulse, irreversible
permeation (i.e., cell death—in which the cell membrane does not re-
seal), or no change in the cell membrane. Electroporation can be used
with any type of macromolecule, including drugs for cancer therapy
or gene constructs for gene therapy, and is used with individual cells
(in vitro) and with cells in the human body (in vivo). When electropo-
ration is usedin vivo, electrodes are strategically placed in the tissue
and high-voltage electrical pulses are applied in such a way to pro-
duce voltage gradients that temporarily permeate the cells of a prede-
termined area. This facilitates the penetration of extracellular macro-
molecules such as drugs or gene constructs into the cells of the electro-
porated area [1], [5], [6]. A recent extensive book in the field of tissue
electroporation is [7].

In electroporation, as in all the other molecular medicine techniques,
there is currently no method to actively monitor or control the process
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in real-time, i.e., to determine during the procedure that indeed the
cell membranes have become temporarily permeabilized in the desired
area. Only the consequences of the process can be determined after the
electroporation process has been completed. A procedure to ascertain
whether electroporation has taken place uses fluorescent dyes and re-
quires sacrificing the specimen [8]. However, most procedures simply
observe the outcome on the cells or patient [4]. In order to reliably apply
any of the molecular medicine techniques to human patients, it is nec-
essary to actively monitor and precisely control the location at which
the procedure is applied. Specifically, it is highly desirable in an elec-
troporation procedure to know in real-time if the cells in the treated area
have become electroporated or not. Such information could be used in
a feedback loop to modify the electrical pulses to ensure that all of the
cells in the target area will become penetrable to the treatment macro-
molecules, while ensuring that the other cells in the vicinity will not.
Otherwise, as indicated above, only the long-term consequences of the
treatment can be determined, such as the cure or lack of cure of the
cancer patient or the expression or the lack of expression of a gene.

In this paper, we propose that a noninvasive imaging method known
as electrical impedance tomography (EIT) [9] may be able to produce
a real-time image of the area in which cells have become permeable
during electroporation. EIT noninvasively produces an image of in-
ternal impedance distributions based on surface current injection pat-
terns and measurement of the resulting surface potentials [10]. Our
work is based on the hypothesis that if the cell membrane becomes
permeable to macromolecules during electroporation, it should also be-
come permeable to ions and, therefore, the electrical impedance of a
cell should change measurably during electroporation. In previous ex-
periments with a microelectromechanical chip that incorporated a live
biological cell within an electric circuit, we quantified the change in
conductivity of an individual cell during electroporation [11]. The re-
sults suggested that the impedance of tissue should decrease during
electroporation to an extent detectable using a bioimpedance technique.
This indicates that EIT could produce an image of the electroporated
area. Using EIT we would be able to verify, while the patient is being
treated, whether the cells in a particular area in the body have become
permeabilized or not. Furthermore, EIT could be used in a feedback
loop to manipulate the magnitude of the electrical pulses as well as the
placement of the electrodes to induce permeabilization of the cells in a
desired area.

II. M ETHODS

In order to establish feasibility of this concept, we have developed a
computer simulation of the process of electroporation in tissue and of
the EIT imaging of this process. This simulation consists of a finite-el-
ement model representing the liver with a small internal section under-
going electroporation. This electroporation model is based on realistic
geometric and electrical properties. The electroporated area is deter-
mined using an iterative technique with boundary conditions based on
standard electrochemotherapy parameters. The data from this electro-
poration model is then used to generate a conductivity map for input
to the EIT simulation, which then reconstructs an image of the direct
model electroporated area.

The electroporation model is a simplified two-dimensional isotropic
cross section of a liver 10 cm in diameter. Three electroporation elec-
trode configurations, modeled after previous tissue electroporation ex-
periments [12], are applied to the tissue as examples. The first config-
uration (Fig. 1) has four electrodes placed in a square configuration,
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Fig. 1. Potential distribution for first configuration and general schematic (10
cm tissue, 1-mm electrodes, no flux exterior, and 1300 V/0 V).

(a) (b)

Fig. 2. Electrical schematics for (a) The Cole–Cole model. (b) The model used
in study. R represents the extracellular space, S the intracellular space, and C the
membrane capacitance.

10 mm from one another, centered in the liver. The second configura-
tion is similar to the first except that the spacing is only 6 mm, and the
electrodes are positioned toward the upper left section of the liver. The
final configuration uses only two electrodes, 10 mm apart, placed in
the lower-right section of the tissue. All electrodes have a diameter of
1 mm.

In order to estimate the change in tissue electrical impedance during
electroporation, we have used data from the experiments of Huang and
Rubinsky [11]. In these experiments, performed with hepatocytes of
rats, the change in electrical impedance of a single cell during reversible
electroporation was measured. Measurements were taken by passing
direct current through two electrodes separated by a dielectric mem-
brane in a conductive solution. The membrane contained a 4-�m hole
at its center that trapped individual cells to measure current through
the cell. Results showed that the resistance of the cells to direct cur-
rent (60-ms pulses) was essentially infinite prior to the electroporation,
but during the electroporation pulse, this resistance dropped to approx-
imately 29 k
.

To calculate the change in conductivity of the bulk tissue during elec-
troporation, we created a model similar to the Cole–Cole model [10],
[13]. The Cole–Cole model represents biological tissue using a resistor
for the extracellular space in parallel with another resistor (the intracel-
lular space) and capacitor (the cell membrane) in series. For our model,
the membrane is modeled with an additional switch in parallel with the
capacitor, which closes during electroporation but otherwise remains
open (see Fig. 2). For the following calculations, we will only consider

this switch and neglect the capacitor because its contribution to the real
part of the solution is small at low frequencies [9], [13].

Hepatocytes are cubical cells with typical dimensions of 20–40�m.
For a solid block, resistance is equal to the thickness divided by the
product of the cross-sectional area and conductivity. If we assume a
cubic geometry for the cells and that the extracellular space is small
compared with the intracellular space, this reduces to the reciprocal
product between the cell length, 20�m, and the tissue conductivity,
0.28 S/m at 20 kHz. (Tissue conductivity is taken from literature [13]).
Therefore, the bulk tissue resistance prior to electroporation is 179 k
.
Since we assume that the membrane does not allow current to flow prior
to electroporation, this resistance, which remains constant, represents
that of the extracellular space. During electroporation, this resistance
is in parallel with the 29 k
 resistance of the cell, which drops the
entire resistance of the system (i.e., the tissue) to 25 k
. This resistance
is converted back to conductivity using the same equation as before.
Based on these assumptions, the conductivity of the tissue increases
from 0.28 S/m to 2.0 S/m during electroporation.

The electroporation simulation is configured with the top electrodes
at 1300 V and the bottom electrodes grounded, which are typical values
for electrochemotherapy [8], [12]. The surface of the analyzed tissue
is assumed to be electrically isolated with a zero flux boundary condi-
tion. We assume that the threshold gradient required to induce electro-
poration is 360 V/cm, which was reported by Mir [4] for rabbit liver
cells. The finite-element model evaluates the potential distribution and
voltage gradients, which are governed by the Poisson equation with a
zero source term [3]

r � (�r�) = 0 (1)

where� is the electrical conductivity and� is the electrical potential.
Previous methods for calculating the electroporated region shape of

a given electrode configuration have relied on single-pass solvers [8],
[12]. Our algorithm uses an iterative solution with multipass solvers
to account for the change in electrical properties of the tissue during
electroporation. Initially, the conductivity of the tissue is 0.28 S/m. At
locations where the voltage gradient surpasses the threshold gradient of
360 V/cm, the conductivity increases to 2.0 S/m. On the next pass, the
gradients are recalculated with the updated conductivity values. Again,
conductivity is increased at locations above the threshold. This process
is repeated until the solution converges. We assume that once a tissue
changes conductivity, it does not revert back to the original value during
the subsequent iterations regardless of whether the gradient falls below
the threshold value. This assumption is based on studies that show that
cells remain permeable for several minutes after the initial pulse [4].
From this calculation, a conductivity map is generated for the electro-
porated tissue.

The next step of this study uses the electroporation conductivity map
as a simulated phantom for the EIT algorithm. Impedance imaging typ-
ically involves surrounding the region to be imaged with electrodes,
injecting sinusoidal currents through combinations of electrodes pairs,
and measuring the resulting voltages through the remaining electrodes.
These measurements, along with current pair, current magnitude, and
electrode geometry data are used by the reconstruction algorithm to
produce an impedance image. For a general overview of EIT, see [9].
For our simulated phantom, 16 electrodes are equally spaced around the
model periphery. A 1-mA current is injected through opposite electrode
pairs (“projections”) while recording remaining opposite electrode pair
voltages (known as an “opposite-opposite” data collection algorithm
[14]), producing a vector of independent voltage measurements. This
vector length defines the maximum number of independent variables
(in our case, 104 impedance pixels) for a well-defined matrix inverse to
exist. For each current projection, the resulting voltages are obtained by
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Fig. 3. (a) Gradient distribution [V/cm] pass one. (b) Conductivity map, pass
one. (c) Converged conductivity map, pass 20. (d) Image.

solving the Poisson equation in a finely meshed finite-element system
using the converged electroporated impedance distribution (� 6300 el-
ements,� 3200 nodes).

These independent voltages, current pair information, and electrode
geometries from the simulated phantom are then used as inputs to our
reconstruction algorithm. Of the numerous approaches to EIT recon-
struction, we have chosen a modified Newton–Raphson (NR) method
due to its excellent convergence properties [15]. This NR method at-
tempts to iteratively minimize a cost function representing the overall
voltage measurement differences between the simulated phantom and
the reconstruction algorithm’s internal model. The Jacobian needed for
the NR method was calculated using a sensitivity matrix approach [16].
Marquardt regularization was used to overcome the ill conditioning of
the Jacobian matrix [17]. Gaussian noise was added to each electrode
measurement to determine the effects of noise image quality. No quan-
titative discernability studies were performed, but a decrease in image
quality began as noise levels approached 1.0% of the maximum mea-
sured voltage amplitude. Because it is assumed that the EIT electrodes
in this case study are internal and fixed in geometry, electrode place-
ment uncertainty errors were not considered.

Our reconstruction algorithm’s internal model consists of a finite-el-
ement mesh with an inner imaging region of 94 triangular elements,
and a constrained outer ring of 120 elements at a constant, known
background resistivity, resulting in an approximate resolution of 5 mm
(square root of the average element area). It should be noted that finer
resolutions could be obtained by increasing the number of electrodes
but at a computational cost. The algorithm convergence criteria were
typically met after approximately 20 iterations. All computations were
done using MATLAB’s partial differential equation toolbox (The
MathWorks Inc., Natick, MA) and were performed on a Dell Precision
420 PC with an Intel 800-MHz processor.

III. RESULTS

Imaging of a simulated electroporation process was performed for
a liver using the three different electrode configurations mentioned
above. Fig. 1 shows the potential distribution for the first configuration
(four centered electrodes) and labels the relevant dimensions and
boundary conditions. Fig. 3(a)–(d) shows the first configuration.
Fig. 3(a) is the gradient distribution after the first iteration of our

Fig. 4. (a) Conductivity map for second configuration (four electrodes in
upper left region, 6-mm spacing). (b) Image of second configuration. (c)
Conductivity map for third configuration (two electrodes in lower right region,
10-mm spacing). (d) Image of third configuration.

electroporation algorithm. Fig. 3(b) is a conductivity map generated
using the information from Fig. 3(a). For elements above the threshold
gradient of 360 V/cm, the conductivity is increased to our value for
permeated tissue, 2.0 S/m. The results from Fig. 3(b) are used to
recalculate the gradient until the solution converges. Fig. 3(c) is the
conductivity map for the converged solution. The difference between
Fig. 3(b) and (c) demonstrates the improvement of iterative over
single-pass algorithms in their ability to produce a more complete and
accurate permeability distribution. This distribution is then passed to
the EIT imaging module, and Fig. 3(d) shows the generated image
using our reconstruction algorithm.

Fig. 4(a)–(d) shows other examples to show the robustness of the
technique. Fig. 4(a) is a conductivity map for a four-electrode configu-
ration with 6-mm spacing located in the upper left section of the tissue.
Fig. 4(b) is the generated image. Fig. 4(c) is a conductivity map of
the electroporated region for a two-electrode configuration, in which
the two are 10 mm apart and located in the bottom-right of the tissue.
Fig. 4(d) is the corresponding image. Notice that in both cases, the EIT
algorithm was able to reconstruct images representing both the size and
placement of the electroporated region.

Currently, electroporation and engineered retroviruses are the most
common methods to introduce macromolecules into cellsin vivo. To
the best of our knowledge, however, there is no procedure to actively
monitor or control these techniques. This is one of the largest obsta-
cles inhibiting the effective treatment of patients. The use of engi-
neered retroviruses has actually led to significant complications and
the loss of life because of the lack of ability to localize and control the
genetic treatment. This theoretical study demonstrates that real-time
monitoring of molecular medicinein vivocan be achieved through the
synthesis of two fairly well understood techniques, electroporation and
EIT.

It should be noted that these results, however promising, are
still theoretical and much more work remains before this method
becomes a clinical technique. First of all, real world experiments
must be performed. There are also several improvements that could
be implemented in future models. For example, we have modeled
the liver as a homogeneous tissue, ignoring possible conductivity
perturbations from larger blood vessels. Other real world complexities,
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including the inherently three-dimensional nature of EIT and more
realistic electrode models, will be the subject of future investigations
and are not considered in this preliminary study. Another potential
improvement would incorporate the interior electrodes used for
electroporation to help generate the image.

IV. SUMMARY

In this study, we have examined the hypothesis that the decrease
in electrical impedance associated with electroporation should be de-
tectable using a bioimpedance technique. We tested this hypothesis
by applying an EIT algorithm to three different electroporation sim-
ulations of the liver. In all three scenarios the electroporated regions
were clearly distinguishable. It should be noted that this is a prelimi-
nary demonstration, and much work remains to bring this technique to
clinical practice. Nevertheless, the results of the study demonstrate the
potential of EIT for monitoringin vivo electroporation.
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